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Measurement of the Tau Branching Fractions 

into Leptons 



Using data collected with the L3 detector near the Z resonance, corresponding 
to an integrated luminosity of 150 pb^^, the branching fractions of the tau lepton 
into electron and muon are measured to be 



From these results the ratio of the charged current coupling constants of the muon 
and the electron is determined to be g^/ge = 1.0007 ± 0.0051. Assuming electron- 
muon universality, the Fermi constant is measured in tau lepton decays as = 
(1.1616 ± 0.0058) X 10~^ GeV~^. Furthermore, the coupling constant of the strong 
interaction at the tau mass scale is obtained as as{m'^) = 0.322 ± 0.009 (exp.) ± 
0.015 (theory). 
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(17.806 ± 0.104(stat.) ± 0.076(syst.))%, 
(17.342 ± 0.110(stat.) ± 0.067(syst.))%. 
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Introduction 



In the Standard Model of electroweak interactions ^IJ, the couphngs of the leptons to the gauge 
bosons are assumed to be independent of the lepton generation. Measurements of the leptonic 
branching fractions B{t — > ii'e^r) and of the hfetime of the tau lepton provide a test of this 
universality hypothesis for the charged current. The leptonic width of the tau lepton P], 

r(r iUiU^) = (1) 



9r9e 

96(47r) 



:i + ep)(l + eQED)(l + e,0, (2) 



where i = e, fi, depends on the coupling constants of the tau lepton and the lepton £ to the W 
boson, gr and g£, respectively. Here rur and mw are the masses of the tau lepton and the W 
boson. The quantities ep, eqEo and 6^2 are small corrections resulting from phase-space, QED 
corrections |S| and the W propagator jHE], respectively. 

The comparison of the tau branching fractions into electron and muon gives a direct mea- 
surement of the ratio g^/ge- Moreover, tau decays into hadrons are sensitive to the strong 
coupling constant at the tau mass scale. The ratio of the hadronic to the electronic width, 
Rr-, can be expressed in terms of the leptonic branching fractions: 

^ _ B{t hVr) _ 1 - B{t -» eZ/gZ^r) - B{t -> ^iVf^Vr) 
B{t — > eVel^r) B{t — >• eUel^r) ' 

where B{t — > hi>T-) is the branching fraction of the r into hadrons. Rr is calculated in pertur- 
bative QCD PUj as: 

i?r = 3 (|VudP + |Kis|^) Sew 

X (l + ^ + 5.2023 (^)' + 26.366 (^)' + (78 + d,) (^)' + 5^pj , (4) 

where V^d and V^s are elements of the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing 
matrix jH]. The quantities Sew and Snp IID] describe short range electroweak radiative 
corrections and non-perturbative QCD contributions, respectively. The quantity is estimated 
to be 27.5 Jj, to which we assign a 100% uncertainty. 

This paper presents a measurement of the tau branching fractions into electron and muon 
with the L3 detector [TT] at LEP using data taken near the Z pole. The results supersede our 
previously published ones Results from other experiments are reported elsewhere [T!?j . 



Data Sample and Monte Carlo Simulation 

The data were collected from 1991 to 199^ at centre-of-mass energies around the Z mass and 
correspond to an integrated luminosity of about 150 pb~^. 

For efficiency and background estimates, Monte Carlo events are generated using the pro- 
grams KORALZ dH for e+e" ^ /i+At~_(7) and e_+e- ^ r+r-(7), BHAGENE [T3] for e+e" ^ 
e+e-(7), DIAG36 [IE] for e+e" ^ e+e'ff, where ff is e+e", /x+zi", r+r^ or qq, and JETSET [Ilj 
for e+e" — > qq(7) . The Monte Carlo events are passed through a full detector simulation, based 

^^In this letter figures and tables often refer just to the 1994 data, which is the largest sample. 
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on the GEANT program , which takes into account the effects of energy loss, multiple scat- 
tering, showering and time dependent detector inefficiencies. These events are reconstructed 
with the same program used for the data. The number of Monte Carlo events in each process 
is about ten times larger than the corresponding data sample. 



Measurement Technique 

To measure the tau leptonic branching fractions, first a sample of e"'"e^ r+r^(7) events is 
selected with some remnant background mainly from other leptonic Z decays. From this sample 
the branching fraction of the tau into a lepton i is then obtained as: 



^ t j^j 1^ fnrm.T\ ^ID ^seV \ ' 



where iV^ is the number of selected tau decays, e^^^ is the e"'"e~ ^ r+r^(7) selection efficiency, 
jnon T jg ^j^g background of other final states, ef'^ is the selection efficiency for tau decays into 
the lepton £, Ni the number of identified leptons and the identification efficiency of the 
lepton £. The quantities f^^i and f^°^ are the background contaminations from other r decays 
and non-r final states in the selected leptonic decays, respectively. 

Systematic uncertainties from the selection efficiencies e^^' and ef'^ cancel if the ratio e^^'/^l*^^ 
equals unity, i.e. the selection of e+e" r+r~(7) does not introduce a bias to the fractions 
of leptonic tau decays. This bias is avoided by subdividing each event into two hemispheres 
by a plane perpendicular to the thrust axis. Then, the selection of e"'"e^ r^r^ipf) events is 
performed using the information from just one hemisphere, called the tagged hemisphere. This 
information is not correlated with the opposite hemisphere, denoted as the analysis hemisphere, 
that is subject to electron and muon identification. The r decays identified in the analysis 
hemisphere constitute a bias free sample for the branching fraction measurement. 



Selection of e+e — > t^t (7) Events 

Events of the process e"'"e~— >^ t^t~{j) are characterised by two low multiplicity jets which are 
almost back-to-back. To ensure good track measurements in the central tracker, the fiducial 
volume is defined by | cos 6*1 < 0.72, where 6 is the polar angle of the thrust axis with respect 
to the electron beam direction. The requirements for the preselection of leptonic Z decays are: 

• the number of tracks must be less than 10, 

• the number of tracks in each hemisphere must be less than 7, 

• each hemisphere must have at least one track with a transverse momentum greater than 
1 GeV, 

• the distance of closest approach of at least one track to the beam position in the plane 
perpendicular to the beam axis, must be less than 5 mm. 

The only additional requirement on the event as a whole is that the acollinearity angle 
between the leading tracks of the two hemispheres must be larger than 2.8 rad. The background 
suppression due to this cut is illustrated in Figure [T] for 1994 data after the preselection. 

The criteria to select e+e~ t^t~ (7) events in the tagged hemisphere are: 
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• there must be one, two or three tracks in the central tracker, 

• the angle between each track and the thrust axis must be less than 0.45 rad, 

• the energy of the most energetic cluster in the electromagnetic calorimeter, BGO, must 
be less than 75% of the beam energy, 

• the momentum of a track reconstructed in the muon chambers must be less than 65% of 
the beam energy. 

Background events that fall into less efficient regions of the detector can fake e"'"e~ — 
T~^T~{'j) events. They are identified by the following criteria in the tagged hemisphere: 

• e"'"e~ — >■ e"'"e~(7): there is one track pointing to the carbon fibre support between crystals 
of the electromagnetic calorimeter, with either its momentum or the corresponding energy 
measured in the BGO larger than 10 GeV. Furthermore, there must be an energy deposit 
in the hadron calorimeter. 

• e"'"e~ —* there is no track in the muon chambers but there is one track in the 
central tracker with a momentum larger than 15 GeV, which points to an energy deposit 
in the calorimeters compatible with that of a minimum ionising particle. 

• e"'"e~ — >■ e"'"e~e"'"e~: there is one track in the central tracker with a momentum of less than 
10 GeV pointing to an electromagnetic cluster in the BGO of energy less than 10 GeV. 

• e"'"e~ — >■ e'^ e~ fi~^ fi~ : there is no track in the muon chambers but there is one track in the 
central tracker with a momentum of less than 9 GeV which points to an energy deposit 
in the calorimeters compatible with the expectation for a minimum ionising particle. 

The background candidates passing these cuts are rejected from the e"'"e~ r+r~(7) sample 
if the acoplanarity of the event is less than 5 mrad. Remaining background from e"^e' — > qq 
and e+e" e"'"e~qq is suppressed by requiring the energy deposited in the calorimeters to be 
between 6 and 25 GeV whenever there is more than one track in the tagged hemisphere. Cosmic 
rays are suppressed by requiring the event time, measured by scintillators, to be within 5 ns of 
the beam crossing time for events with a track in the muon chambers or a minimum ionising 
particle in the calorimeters. 

A sample of 163 256 tau decays from e"'"e~ t^t^ (7) final states is tagged in one hemisphere 
allowing to study the r decay in the analysis hemisphere. The number of tagged hemispheres, 
Nr, per data taking period is listed in Tabled The selection efficiency is estimated from Monte 
Carlo simulation to be 76%. 

The remaining background is determined from the data for each year separately. It is 
estimated by comparing reference distributions in data and Monte Carlo. 

The fraction of e"'"e~ —>■ e"'"e~(7) background is determined using the energy distribution 
measured in the electromagnetic calorimeter in the analysis hemisphere, as shown in Figure 
for the 1994 data sample. The high end of this spectrum is dominated by e"'"e~ e"'"e~(7) 
events with a small contribution from e"'"e~ — >■ r"'"r~(7) events. A fit is performed to the data 
distribution, in which the shapes of the e"'"e~ — >■ e"'"e~(7) and e"'"e~ r"'"r~(7) contributions 
are taken from Monte Carlo and the normalisation of the e"'"e~ — > e"'"e~ (7) background is a free 
parameter. 

A similar procedure is used for the other background sources. The fraction of background 
from e"'"e~ — > fi^fi~ (7) events is estimated using the muon momentum distribution measured in 
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the analysis hemisphere, as displayed for the 1994 data sample in Figure|2lD. The contamination 
from two-photon processes is estimated using the acoUinearity distribution and the fraction of 
e"'"e~ — > qq background by means of the distribution of the total energy deposited in the 
calorimeters. The contamination from cosmic rays is estimated from data only, using the 
sidebands of the two-dimensional distribution of the distance of closest approach from the two 
leading tracks in each hemisphere. 

The approximate contributions to the e"'"e~ r+r^(7) sample from the different back- 
ground sources are: 1.2% from e"'"e~ e"'"e~(7), 1% from e"'"e~ /i"'"/i~(7), 0.25% from 
e"'"e~ — >■ qq, 0.3% from two-photon events and 0.1% from cosmic rays. The detailed summary 
of the estimated background fractions is given in Table El 

Lepton Identification 

The lepton identification jTHj is performed in the analysis hemisphere combining the informa- 
tions from several subdetectors. In particular, the electromagnetic calorimeter is essential for 
the identification of electrons, while the muon chambers and the hadron calorimeter allow for 
the identification of muons. Pions are a potential source of contamination both for electrons 
and muons. The p mesons can be misidentified as electrons when the showers from the charged 
and neutral pions overlap. 

Electrons are characterised by a track in the central tracker pointing to an energy deposit 
in the BGO, that must be of electromagnetic shape. The distribution of the difference of the 
azimuthal angles measured by the central tracker and the electromagnetic calorimeter is 
shown in Figure EK- The matching requirement depends on the electromagnetic energy and 
varies in between 10 and 3 mrad in the energy range from 2 to 45 GeV. Similar cuts are 
applied to the difference in the polar angle. In addition, the energy measurement of the BGO 
must be compatible with the track momentum. This criterion and the angular matching are 
relaxed for tracks in the anode wire region of the drift chamber and the requirements on the 
electromagnetic shower shape are tightened. Energy deposits in the hadron calorimeter must 
be consistent with the tail of an electromagnetic shower. 

Muons are identified as a track in the muon chambers matching with a track in the cen- 
tral tracker originating from the interaction region. Furthermore, the energy deposit in the 
calorimeters must correspond to the expectations for a minimum ionising particle. The distri- 
bution of the difference in the angle measured in the central tracker and the muon chambers 
is shown in Figure Et". Muon tracks originating from r decays are well separated from hadron 
punch-through. Muons reaching the muon chambers lose energy in the calorimeters, resulting 
in a momentum threshold of about 2.5 GeV. 

Efficiencies and Background Estimation 

The efficiencies of the lepton identification estimated from Monte Carlo are smooth functions of 
the lepton energy and their average value is about 90% for electrons and 75% for muons. These 
efficiencies are corrected using data samples enriched in e"'"e~ — >■ e"'"e~(7), e"'"e~ — * fi^fi~{'~f), 
e"'"e~ — >• e"'"e~e"'"e~ and e"'"e~ — > e"'"e~/i+/i~ events, selected by identifying a lepton in the tagged 
hemisphere. 

The statistics available from e"'"e~ — e"'"e~e"'"e~ and e"'"e~ — > e'^e~fi~^n~ events is large at low 
lepton energy, while that from e"'"e~ —>■ e"'"e~(7) and e+e" — > /i+/i~(7) events is large at high 
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lepton energy. FigureEJdisplays the ratio of the identification efficiencies obtained from data and 
Monte Carlo, together with the result of a linear fit, for electrons and muons, respectively. The 
result of the fit is applied as an energy dependent scale factor to the corresponding identification 
efficiencies determined from the Monte Carlo. These scale factors, obtained for each year 
separately, are near unity and almost constant over the full energy range. 

The background in the lepton sample from e"'"e~ e"'"e~ (7) and e"'"e~ — * fi^^~ (7) is esti- 
mated using the same procedure as for the e^e~ T~^T~{'y) selection. The fraction of hadronic 
tau decays which passes the lepton identification is determined from Monte Carlo simulation. 

Systematic Uncertainties 

Systematic uncertainties result from the preselection, the cut on the acollinearity angle, the 
selection of e"'"e~ t~^t~{'j) events, the background estimations, the lepton identification 
efficiency and the range of the lepton energy used in the measurement. 

The uncertainties from the preselection, the cut on the acollinearity and the hemisphere 
tagging criteria are estimated by varying the corresponding requirements inside reasonable 
ranges. The change in the branching fraction is assigned as systematic uncertainty. The 
background from e"'"e~ — > e"'"e~(7), e"'"e~ —>■ fi^fi~{'~f) and two-photon processes is obtained from 
fits to the data. The statistical error of these fits is taken as the systematic uncertainty. The 
systematic uncertainty from the efficiency is obtained from the statistical errors of the energy 
dependent scale factors. The Monte Carlo statistical uncertainty is also considered. 

These uncertainties are estimated for each year separately [19j, as an example, the uncer- 
tainties for the 1994 data are given in Table El They are considered as uncorrelated and their 
combined values for the full data set are given in Table El This table also presents the system- 
atic uncertainties fully correlated between the data sets of the different years. These result from 
the background shapes used in the fit of the e"'"e~ — > e"'"e~(7), e+e" — *• /i"'"/i~(7) and two-photon 
backgrounds and the uncertainty on the fraction of misidentified hadrons. The uncertainty of 
the one-prong branching fraction of the r into hadrons and the r polarisation are also treated 
as correlated. Their effect is estimated by varying them within their uncertainties |2m l^ and 
quoting the change of the leptonic branching fraction. 

Table El lists the sources of systematic uncertainties correlated between B{t — >■ ez/c'^r) and 
B{t — >• fiu^Ur). They are taken into account to derive B{t (iufUr) and gfj,/ge- 

Results 

Figure El displays the spectra of electrons and muons identified in the analysis hemisphere in 
the full data sample. The spectra obtained from the Monte Carlo simulations of r — >^ eue^r and 
r fJ'i^ij.i^T, corrected for the identification efficiency scale factor and the background sources 
are also shown. The branching ratios are determined using leptons with energies normalised to 
the beam energy that range from 0.02 to 0.85 for electrons and from 0.05 to 0.92 for muons. In 
these ranges the efficiencies are almost flat and the background is small. The number of events 
inside these ranges, the lepton identification efficiencies and the background fractions are given 
in Table ^ Taking these numbers and using Equation El the branching fractions of the tau 
lepton into electron and muon are: 



B{t — >• ez/eZ/^) 
B{t ^iv^v^) 



(17.806 ±0.104 ±0.076)% and 
(17.342 ±0.110 ±0.067)%, 
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where the first uncertainty is statistical and the second systematic. These values are in good 
agreement with the current world average [201 ■ The results are used to test lepton universality 
for the charged weak currents. The ratio of the charged current coupling constants of the muon 
and the electron, is obtained as: 

gjg^ = 1.0007 ± 0.0043 ± 0.0027, 

supporting the lepton universality hypothesis. Assuming electron-muon universality, the branch- 
ing fraction of the tau into leptons is: 

B{t ^ iu^Ur) = (17.818 ± 0.077 ± 0.053) %. 

Together with our measurement of the tau lifetime [221 the Fermi constant in tau lepton decays 
is determined as: 

Gf = (1.1616 ± 0.0058) X 10"^ GeV"^. 

Furthermore, from the branching fraction of the tau into leptons, Rr is obtained using Equa- 
tion El as: 

Rr = 3.640 ± 0.030. 
From Equation EJ the value of the strong coupling constant at the tau mass is: 

as{ml) = 0.322 ± 0.009 (exp.) ± 0.015 (theory). 

The first error is due to the uncertainties of the tau leptonic branching fraction and the CKM 
matrix elements [201 • The second error is the quadratic sum of the uncertainties resulting 
from the renormalisation scale, the fourth order term in a^, the electroweak corrections Sew 
and the the non-perturbative correction 6np- The dominant contribution to the error is the 
renormalisation scale uncertainty, which is estimated following Reference |2S1 Other theoretical 
uncertainties discussed in Reference (211 are not considered. The value of asim^) is extrapolated 
to the Z mass scale using the renormalisation group equation [221 with the four loop calculation 
of the QCD /^-functions The result, 

as{ml) = 0.120 ± 0.002, 

is in good agreement with the value obtained by L3 from the study of hadronic events at the 
Z peak |271 and the current world average [201 • 
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Table 1: Number of selected tau decays, number of identified electrons and muons, lepton 
identification efficiencies, fraction of background from non-r final states and other r decays for 
the different data taking periods. 





Background in % 


Channel 


1991±92 


1993 


1994 


1995 


e+e~^ 




-(7) 


0.96 ±0.08 


0.97 ±0.09 


0.94 ±0.05 


1.11±0.08 


e+e~^ 


e+e~ 
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e+e" 
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qq 
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0.23 ±0.06 
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Total 


2.64±0.17 


3.42 ±0.23 


2.70 ±0.10 


3.24±0.15 



Table 2: Summary of the background fractions in the e+e — > r+r (7) sample. 



12 



Source 


B{r — ^ eUgUr) 




Preselection and acoUinearity angle 


0.040 


0.031 


Selection of c"''c~ r"'"r~(7) 


0.026 


0.029 


Uncorrelated background 


0.031 


0.021 


Lepton identification scale factor 


0.041 


0.048 


Lcpton energy range 


0.054 


0.028 


Monte Carlo statistics 


0.053 


0.057 


Total uncertainty 


0.103 


0.093 



Table 3: Uncorrelated systematic uncertainties for the 1994 data sample and their combination. 



Source 


B{t — >• eUe^r) 




Correlated background 


0.036 


0.025 


Hadronic 1-prong branching fraction 


0.021 


0.018 


Polarisation 


0.003 


0.003 


Total correlated uncertainty 


0.042 


0.031 


Total uncorrelated uncertainty 


0.063 


0.059 


Total uncertainty 


0.076 


0.067 



Table 4: Correlated and uncorrelated systematic uncertainties for the full data sample. 



Source 


B{t C-v^Vt) 


Background in the r sample 


0.013 


Hadronic 1-prong branching fraction 


0.013 


Polarisation 


0.003 


AcoUinearity angle 


0.012 


Selection 


0.004 


Total uncertainty 


0.023 



Table 5: Systematic uncertainties on B{t (-ViVT) treated as fully correlated for the electron 
and muon channels. 
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AcoUinearity [rad] 

Figure 1: Distribution of the acollinearity after the preselection. The arrow indicates the 
position of the cut apphed to select e"'"e~— > r+r~(7) events. 
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Figure 2: Distribution of a) the energy in the electromagnetic calorimeter, BGO, and b) the 
muon momentum. Both quantities are normalised to the beam energy, Ebeam, and measured in 
the analysis hemisphere of events tagged as e+e~— > t'^t~{^). 
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Figure 3: Distribution of the difference of the azimuthal angles measured by a) the central 
tracker and the electromagnetic calorimeter (BGO) for electron candidates and b) the central 
tracker and the muon chambers (MUCH) for muon candidates. The background contributions 
are shown as the hatched histograms. 16 
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Figure 4: Ratios of the Monte Carlo to data identification efficiencies for electrons and muons 
as a function of the normalised electron energy and muon momentum. They are obtained for 
a) e+e"— > e"'"e~e"'"e~, b) e+e"— > e"'"e~(7), c) e+e"— > e+e"//"*"//" and d) e'^e"-^ /i+/i^(7) events, 
for the 1994 data. The straight line is the resiif of a linear fit over the full energy range. 
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Figure 5: The spectra of a) electrons and b) muons from tau decays in the full data sample. 
The expectations from the Monte Carlo simulation and the background from other tau decays 
and other leptonic final states are also shown. 
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